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In humans, sympathetic activity is commonly assessed by measuring the efferent trafﬁc in
the peroneal nerve.The ﬁring activity is the sum of several active neurons, which have the
tendency to ﬁre together in a bursting manner.While the estimation of overall sympathetic
nervous activity using this multiunit recording approach has advanced our understanding
of sympathetic regulation in health and disease no information is gained regarding the
underling mechanisms generating the bursts of sympathetic activity. The introduction of
single-unit recording has been a major step forward, enabling the examination of speciﬁc
sympatheticﬁringpatternsindiverseclinicalconditions.Disturbancesinsympatheticnerve
ﬁring, including high ﬁring probabilities, high ﬁring rates or high incidence of multiple ﬁring,
or a combination of both may impact on noradrenaline release and effector response, and
therefore have clinical implications with regards to the development and progression of
target organ damage. Understanding the mechanisms and consequences of speciﬁc ﬁring
patterns would permit the development of therapeutic strategies targeting these nuances
of sympathetic overdrive.
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INTRODUCTION
Microneurography, a technique developed over 40years ago, was
developed in order to record sympathetic trafﬁc in peripheral
nerves supplying the skeletal muscle vascular bed in humans.
Direct recording of multiunit efferent muscle sympathetic nerve
activity(MSNA)hasbeenusedextensivelytoevaluatesympathetic
neural drive in the healthy state as well as in a number of condi-
tions, most of which are associated with elevated cardiovascular
risk. While the direct recording of multi-unit MSNA provides an
estimation of overall sympathetic activity the method does not
allow the discrimination of how the activation is brought about
nor the mechanism by which changes in sympathetic nerve ﬁring
canoccur.Indeed,avarietyof mechanisms,includingrecruitment
ofactiveﬁbers,increasedprobabilityorrateofﬁringofactiveﬁbers
orincreaseddischarge(multipleﬁring)withinasympatheticburst
may be involved in generating the increased sympathetic nervous
activity(Maceﬁeldetal.,1994).Inordertogainmoreinformation
about the speciﬁc mechanisms underlying the degree of sympa-
thetic nervous outﬂow the technique of microneurography was
reﬁned to enable the recording of the ﬁring pattern of single vaso-
constrictor neurons. This review will focus on the developments
in sympathetic nerve recording and analysis that have permitted
the evaluation of single-unit sympathetic nerve activity.
LIMITATIONS OF MULTIUNIT MSNA
Sympathetic bursts are generated by the simultaneous activity of
several neurons, and sympathetic nerve activity can be modu-
lated differentially both in terms of the frequency and ampli-
tude of bursts. Changes in sympathetic outﬂow involve either
change in the recruitment of subpopulations of neurons to ﬁre
synchronously and/or changes in the ﬁring frequency of already
active nerve ﬁbers. The ﬁring frequency of individual ﬁbers can
be modulated by two mechanisms: (i) the proportion of neural
bursts in which the ﬁber is active (ﬁring probability); and (ii) the
numberof spikesthataﬁbergeneratesperburst(multiplewithin-
burst ﬁring). When measuring multiunit MSNA, the main issue
is that the interpretation of the signal remains, to a degree, equiv-
ocal given that the amplitude of the signal is dependent on the
proximity of the electrode tip to the active nerve ﬁbers. Multiu-
nit sympathetic nerve activity is commonly quantiﬁed by simply
counting the number of bursts occurring over a period of time
or,to account for heart rate variation,calculated as bursts per 100
heartbeats. While the technique is robust and provides valuable
data, no information is gained about the number of active ﬁbers
or the underlying mechanisms generating the sympathetic bursts.
THE DEVELOPMENT OF SINGLE-UNIT RECORDING
Using high impedance electrodes, Maceﬁeld et al. (1994) reﬁned
the technique of microneurography to enable the recording and
ﬁring properties of individual muscle vasoconstrictor neurons
(single-unit MSNA). Such recordings are technically demanding
requiring the subject to be highly involved as any slight mus-
cle movement may compromise the quality of the recordings
and many needle adjustments are necessary to identify satisfy-
ing spikes. Secondly, the analysis requires careful attention and
stringent criteria for the acceptance of a recording as being truly
unitary. However the approach permits a more detailed examina-
tion of sympathetic nerve activity. Indeed, the ﬁring properties
of sympathetic neurons may now be analyzed in terms of: (i)
the mean ﬁring frequency (spikes per minute or spikes per 100
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heartbeats), (ii) the ﬁring probability (the percentage of cardiac
intervals in which a unit ﬁres), and (iii) the number of spikes
generated per cardiac interval (incidence of multiple ﬁring). By
combining this information with data derived from multi-unit
recordings a more detailed assessment of human sympathetic
activity can be obtained. Figure 1 provides an illustration of
recordings obtained in two different patients who present high
multiunit sympathetic activity but different ﬁring pattern.
SINGLE-UNIT RECORDING IN HEALTHY INDIVIDUALS
Maceﬁeld et al. (1994) ﬁrst described that in healthy individuals
single muscle vasoconstrictor neurons usually ﬁre only a soli-
tary spike during a sympathetic burst and that the mean ﬁring
frequency and ﬁring probability of single units were low (a vaso-
constrictorunitonlydischargesinabout21%of heartbeats).This
pattern of behavior has since been replicated by others (Murai
et al., 2006; Burns et al., 2007; Lambert et al., 2007). Interestingly,
it was subsequently shown that healthy individuals who display a
highlevelof multiunitMSNAstillpresentwithﬁringprobabilities
and incidence of multiple ﬁring identical to that observed in indi-
viduals with low multiunit MSNA, indicating that differences in
the number of bursts are due mainly to differences in recruitment
of sympathetic ﬁbers (Maceﬁeld and Wallin,1999).
While single neurons in healthy individuals have low ﬁring
probability and tend to contribute only one spike during a sym-
pathetic burst, the activity of unitary sympathetic neurons seems
to be essential for the intensity of the burst during a physiologi-
calsympatheticresponse.Forexample,inspiratory-capacityapnea
causes increased multiunit MSNA together with a large rise in the
ﬁring rate and a shift toward multiple spikes per burst (Mace-
ﬁeld and Wallin, 1999). Murai et al. (2006) also described that
during sympathoexcitation induced by physiological stress such
as handgrip exercise or the Valsalva maneuver the absolute val-
ues of single-unit MSNA increases more than those of multiunit
MSNA. It was also noted that the single-unit pattern in response
to stress can vary depending on the stress imposed, with the Val-
salva maneuver resulting in a shift toward multiple spikes while
handgrip resulted in an increase in ﬁring rate and probability but
the incidence of multiple spikes was unchanged. These ﬁndings
suggest that the sympathoexcitatory response is complex yet does
display a degree of speciﬁcity with engagement of either changes
in the number of ﬁbers ﬁring and/or changes in the ﬁring pat-
tern being in some way dependent upon the stressor involved.
It would seem that when investigating physiological responses to
various sympathetic challenges, single-unit analyses may be more
sensitive than multiunit MSNA.
SINGLE-UNIT RECORDING IN CARDIOVASCULAR DISEASE
It has been well documented that sympathetic tone is increased
in congestive heart failure (Leimbach et al., 1986), obstructive
sleep apnea syndrome (Leuenberger et al., 1995), essential hyper-
tension (Wallin and Sundlof, 1979), and obesity (Grassi et al.,
1995). With the recent development and wider implementation
of single-unit recordings in these patient groups there is a greater
appreciation of the fact that the mechanisms by which sympa-
thetic tone is elevated can vary depending on the condition. In
individuals with congestive heart failure, an increase in the ﬁr-
ing frequency of individual neurons occurs while incidence of
multiple spikes within a sympathetic bursts is normal (Mace-
ﬁeld et al., 1999; Murai et al., 2009). The sympathetic response
to exercise in heart failure patients is different to that of healthy
individuals with engagement of a large increase in the activity of
FIGURE 1 | Nerve recordings obtained from two hypertensive
patients who both displayed a very high level of multiunit MSNA
(98 and 66 bursts per 100 heartbeats in the ﬁrst and second patient
respectively).The activity of single vasoconstrictor neurons in the ﬁrst
patient is relatively low and regular, with the ﬁring rate being 30 spikes
per 100 heartbeats and the incidence of multiple spikes per bursts being
3%.The activity of single vasoconstrictor neurons in the second patient
is highly irregular with a ﬁring rate of 53 spikes per 100 heartbeats and
the incidence of multiple spikes per bursts of 20%.The spikes are
identiﬁed by arrows. For each neuron, the superimposition of the spikes
(right panels) indicates that the spikes originate from one single
vasoconstrictor neuron.
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single vasoconstrictor neurons being most likely responsible for
the intense sympathetic response (Murai et al., 2009) although
some involvement of the adrenal system cannot be discounted
(Kaye et al., 1995). In obstructive sleep apnea syndrome (Elam
andMaceﬁeld,2001)andessentialhypertension(Greenwoodetal.,
1999;Lambertetal.,2007),dataindicateanincreaseinbothﬁring
frequency and probability and a shift toward multiple ﬁring per
sympathetic bursts. Greenwood et al. (1999) documented that the
ﬁring frequency of individual vasoconstrictor neurons was higher
in mild rather than in more severe established hypertension,a fact
not apparent from multiunit recording. This latter observation is
perhaps indicative of the importance of the ﬁring activity of the
neurons in the progression of hypertension. Observations from
our laboratory indicate that the pattern of sympathetic activation
differs between normal-weight and obesity-related hypertension
(Lambert et al., 2007). Sympathetic activation in normal-weight
hypertension is characterized by an increased ﬁring rate of sin-
gle vasoconstrictor ﬁbers, increased ﬁring probability and higher
incidence of multiple spikes. Sympathetic activation in obesity-
related hypertension differs, involving recruitment of previously
silent ﬁbers, which ﬁre at a normal rate. Despite having a rela-
tively normal ﬁring pattern, the decrease in overall sympathetic
tone associated with weight loss involves alteration in the ﬁring
pattern of sympathetic nerves, including a decrease in ﬁring rate,
probability of ﬁring as well as a decrease in the incidence of mul-
tiple ﬁring within a sympathetic burst (Lambert et al., 2011a).
These changes in the ﬁring pattern alone may not be sufﬁcient
to induce a decrease in multiunit MSNA. Most likely a decrease
in the recruitment of active ﬁbers would also contribute to the
reduction in sympathetic nervous activation because recruitment
of active ﬁbers is the main mechanism by which sympathetic acti-
vationoccursinobesity.Theseobservationsindicatethattheﬁring
patternof singlevasoconstrictorﬁbersiscrucialintheadjustment
of chronic sympathoinhibition associated with weight loss.
SINGLE-UNIT RECORDING IN ANXIETY DISORDERS
An incentive for studying single-unit sympathetic activity in anx-
iety disorders was provided by the observation that patients with
either depression or panic disorder may be at increased car-
diovascular risk (Kawachi et al., 1994; Penninx et al., 2001)y e t
examination of sympathetic nervous activity failed to reveal any
abnormalitiesusingmultiunitMSNA(Wilkinsonetal.,1998;Bar-
ton et al.,2007). Despite multiunit MSNA not revealing any aber-
ration,itisclearthatpatientswitheitherpanicormajordepressive
disorder have a highly disturbed sympathetic ﬁring pattern, with
both conditions presenting an increase in the ﬁring probability
andanincreaseintheincidenceof multipleﬁringperburst(Lam-
bert et al., 2006, 2008). In line with these ﬁndings, it was recently
demonstrated that a more disturbed sympathetic ﬁring pattern is
related to the underlying psychological stress in subjects with the
metabolic syndrome (Lambert et al., 2010), with all parameters
of single-unit MSNA being closely related to the affective compo-
nent but not to the somatic component of the patients’depressive
symptoms,therebysuggestingthatamoredisturbedﬁringpattern
of sympathetic nervous activity relates more to the psychologi-
cal traits of the individuals rather than their current metabolic
condition.
WHAT ARE THE CONSEQUENCES OF AN ABNORMAL NERVE
FIRING PATTERN?
The documentation that single ﬁber sympathetic patterns may
be altered in different ways suggests that there may be functional
consequences associated with the ﬁring characteristics of single
sympathetic units. The main effect of multiple spikes during a
single heart beat is a marked increase in instantaneous ﬁring
frequencies.Previousinvestigationshavedemonstratedthatirreg-
ular, compared with regular nerve stimulation may augment the
response to effector organs,most likely by favoring a greater nora-
drenalinerelease.Indeed,responsestonervestimulationhavebeen
shown to be substantially altered, with irregular electrical stim-
ulation producing faster and more pronounced vasoconstrictor
responsesthancontinuousstimulationataregularfrequencyincat
skeletalmuscle(Anderssonetal.,1983),insmallarteriesandveins
from rats (Nilsson et al., 1985), and in rabbit hindquarters (Ando
et al., 1993). Dibona and Sawin (1999) observed that the pattern
of renal sympathetic nerve stimulation in rats signiﬁcantly inﬂu-
encedtherapidity,magnitude,andselectivityof therenalvascular
and tubular responses. A similar observation was made in skin
resistance responses in humans (Kunimoto et al., 1992), however
nodifferencewasfoundbetweenregularandirregularstimulation
evoked noradrenaline release in the canine gracilis muscle (Kahan
et al., 1988). Whether the ﬁring pattern of single vasoconstrictor
neuronsinﬂuencesnoradrenalinereleaseandorganresponsecan-
not be easily proven in the clinical setting but if multiple ﬁring
contributes to an increase of multiunit activity, the net effect may
be greater increases of vascular resistance than if multiple ﬁring
remains unchanged. Of particular relevance is a recent study by
our group indicating that the ﬁring pattern of single-unit mus-
cle vasoconstrictor ﬁbers was associated to the rate of spillover
of noradrenaline from the heart, with an irregular ﬁring pattern,
as indicated by high incidence of multiple spikes within a cardiac
cycle,beinglinkedwithamorepronouncedcardiacnoradrenaline
spillovertoplasma(Lambertetal.,2011b;Figure2).Interestingly,
the pattern of sympathetic ﬁring bore no association to multiunit
MSNAortowholebodynoradrenalinespillover,suggestingaspe-
ciﬁc link between an irregular sympathetic nerve ﬁring pattern to
cardiac noradrenaline release.
IS AN IRREGULAR FIRING PATTERN MORE DELETERIOUS FOR
CARDIOVASCULAR HEALTH?
Whetheranirregularﬁringpatternconveysmoredetrimentalcon-
sequences than a regular ﬁring pattern is an intriguing possibility.
Elam et al. (2002) reported that in patients with congestive heart
failure and obstructive sleep apnea,premature heart beats are fol-
lowed by a large sympathetic burst in response to the greater fall
in arterial pressure and reduced baroreceptor inhibition that is
essentially produced via increased ﬁring probability and multiple
within-burst ﬁring. These large volleys of MSNA may be paral-
leled by similar surges of cardiac sympathetic discharge, a notion
underlined by the recent demonstration that cardiac noradrena-
linespilloverisdoubledinindividualswithirregularﬁringpattern
compared to those with a regular ﬁring pattern (Lambert et al.,
2011b). Given the observation that ectopic beats are associated
with a signiﬁcantly increased cardiac death rate after myocardial
infarction(Mossetal.,1979),anirregularnervepatternassociated
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FIGURE 2 | Cardiac noradrenaline (NA) spillover in subjects with low
and high incidence of multiple spikes. In all subjects combined, the
median value of the incidence of multiple spikes per was 9%. Low
incidence of multiple spikes was deﬁned as <9% and high incidence was
>9%. From Lambert et al. (2011b).
withincreasednoradrenalinereleasemaybeoneunderlyingmech-
anism for the increased risk of sudden death associated with
ectopic heart beats.
In patients with essential hypertension there is evidence that
the incidence of sudden death is more common in those with
left ventricular hypertrophy and ventricular arrhythmias (Saadeh
and Jones, 2001). Essential hypertension is characterized by ele-
vated cardiac sympathetic activation, (Schlaich et al., 2004) and
disturbed sympathetic ﬁring pattern (Lambert et al., 2007), with
increased cardiac noradrenaline spillover being associated with
disturbances in cardiac structure (Schlaich et al., 2003). Whether
an irregular sympathetic ﬁring pattern is involved in the initiation
or progression of cardiovascular risk is unknown but this idea is
supported by the ﬁndings from Burns et al. (2007), who demon-
strated a strong positive relationship between the ﬁring frequency
of sympathetic vasoconstrictor neurons and left ventricular mass
index in overweight hypertensive individuals.
The issue as to whether an irregular ﬁring pattern confers
greater cardiovascular risk is harder to reconcile in obesity. While
obesity is an established risk factor for cardiovascular disease
development and progression, this condition is associated with
elevated multiunit MSNA, yet the ﬁring pattern of single vaso-
constrictor neurons is surprisingly normal (Lambert et al., 2007).
Moreover,thepatternofspilloverofnoradrenalinetoplasmaindi-
cates a speciﬁc pattern whereby the renal and muscle sympathetic
outﬂows are activated whereas the cardiac is spared (Rumantir
et al.,1999).
CONCLUSION AND FUTURE DIRECTIONS
It is becoming apparent that a more reﬁned approach of quan-
tifying sympathetic nervous activity holds promises for revealing
the underlying mechanisms of sympathetic drive in clinical con-
ditions. With aberrant ﬁring patterns the potential deleterious
effects on end organ damage and disease progression are a con-
cern and prompts the question as to whether and how different
anti-adrenergic treatments would affect noradrenaline-induced
depolarization and subsequent changes in the ﬁring pattern in
ordertomitigate,inparticular,cardiacrisk.Delineatingtheeffects
ofpharmacologicalandlifestyleinterventionsontheﬁringcharac-
teristics of sympathetic ﬁbers certainly has important therapeutic
implications,particularlyinhypertensionwherethepreventionof
left ventricular dysfunction and hypertrophy is crucial. Likewise,
incongestiveheartfailurepatients,thehighlydisturbedﬁringpat-
ternobservedatrestandduringexercisemaycontributetoexercise
intolerance and disease progression. While technically challeng-
ing, it is hoped that future studies will provide direction for the
therapeutic targeting of the ﬁring characteristics of single sym-
pathetic ﬁbers. Targeting speciﬁcally the ﬁring pattern associated
with increased sympathetic drive may hold promise in limiting
target organ damage.
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